Reduced pancreatic islet levels of Munc18a/SNARE complex proteins have been postulated to contribute to the deficient glucose-stimulated insulin secretion (GSIS) in type-2 diabetes (T2D). Whereas much previous work has purported Munc18a/SNARE complex (Syntaxin-1A/VAMP-2/SNAP25) to be primarily involved in predocked secretory granule (SG) fusion, less is known about newcomer SGs that undergo minimal docking time at the plasma membrane before fusion. Newcomer SG fusion has been postulated to involve a distinct SM/SNARE complex (Munc18b/Syntaxin-3/VAMP8/SNAP25), whose levels we find also reduced in islets of T2D humans and T2D Goto-Kakizaki (GK) rats. Munc18b overexpression by adenovirus infection (Ad-Munc18b), by increasing assembly of Munc18b/SNARE complexes, mediated increased fusion of not only newcomer SGs but also predocked SGs in T2D human and GK rat islets, resulting in rescue of the deficient biphasic GSIS. Infusion of Ad-Munc18b into GK rat pancreas led to sustained improvement in glucose homeostasis. However, Munc18b overexpression in normal islets increased only newcomer SG fusion. Therefore, Munc18b could potentially be deployed in human T2D to rescue the deficient GSIS.
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Introduction
Insulin secretory granule (SG) fusion with plasma membrane (PM) (i.e. exocytosis) releases insulin into the circulation to maintain glucose homeostasis in health (Gaisano, 2014; Rorsman and Renstrom, 2003) . In type-2 diabetes (T2D) there are well described defects in insulin exocytosis that prevent β-cells from responding adequately to the increasing glycaemic demand (Hosker et al., 1989) . Glucose-stimulated insulin secretion (GSIS) can be affected by increasing the number of insulin SGs reaching and fusing with PM. This process is called primary exocytosis, and this occurs in three modes (Gaisano, 2014) . The first mode involves insulin SG docking on PM followed by priming, a biochemical preparation of SGs for release. The SG then sits on PM for long periods awaiting glucose stimulation to cause its exocytotic fusion in the first few minutes of stimulation. In the second mode of primary exocytosis, insulin SGs from the cell interior are mobilized to PM and undergo fusion after only a short period, or almost no docking time at the PM; these are called newcomer SGs (Ohara-Imaizumi et al., 2007; Shibasaki et al., 2007) . Newcomer SGs are responsible for subsequent insulin release after depletion of predocked SGs, and also contribute to a substantial proportion of insulin release in the first few minutes, exceeding the contribution from predocked SGs (Gaisano, 2014; Shibasaki et al., 2007) . The third mode of insulin exocytosis, termed compound exocytosis, was first shown many years ago by EM but was largely ignored (Orci and Malaisse, 1980) . Endocrine cells such as β-cells seem to require less of this mode and instead exhibit a slower metered and sustained release, primarily effected by increasing primary exocytosis and, when required, release is further increased by restricted sequential fusion of only a few (2 or 3) SGs (Takahashi et al., 2004; Kwan and Gaisano, 2005) .
The membrane fusion machinery requires two key components: SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) and Sec1/Munc18(SM) proteins (Kasai et al., 2012) . The EBioMedicine 16 (2017) [262] [263] [264] [265] [266] [267] [268] [269] [270] [271] [272] [273] [274] SNARE Hypothesis paradigm dictates that different fusion events are mediated by complexes comprising cognate vesicle (v-) SNAREs (vesicle-associated membrane proteins (VAMPs)) and target membrane (t-)SNAREs (syntaxins (Syns) and synaptosome-associated protein of 25 kDa [SNAP25]) (Takahashi et al., 2010 (Takahashi et al., , 2015 . Assembly of distinct SNARE complexes is regulated by cognate SM proteins to ensure not only their subcellular compartmental specificity, but also that fusogenic actions occur only in response to cellular needs and demand (Jewell et al., 2010; Sudhof and Rothman, 2009 ). While much is known about the molecular machinery that mediates primary exocytosis of predocked insulin SGs, namely, the neuronal SNARE proteins Syn-1A, SNAP25 and VAMP2, and SNARE complex assembly-modulating proteins, including PKC substrate Syn-1A-binding protein Munc18a (Jewell et al., 2010; Kwan and Gaisano, 2009) , much less is known about the molecular machinery that mediates the other exocytotic events, particularly newcomer SG fusion (Gaisano, 2014) . The molecular machineries that mediate newcomer SG exocytosis are of importance for increasing insulin secretion in response to increased demand in diabetes and are required to compensate for the defective exocytosis of predocked SGs, which has been shown to at least in part account for reduced first-phase GSIS in T2D (Kwan and Gaisano, 2009; Ohara-Imaizumi et al., 2004) . The latter has been attributed to reduced β-cell levels of neuronal SNARE complex and accessory proteins, Munc18a and Munc13-1 (Kwan and Gaisano, 2009; Ostenson et al., 2006) .
Munc18 proteins are known to facilitate formation of trans-SNARE complexes that mediate SG fusion (Sudhof and Rothman, 2009) . β-cells express all three Munc18 isoforms, Munc18a, b, and c (Oh et al., 2012; Lam et al., 2013; Zhu et al., 2015) . We recently reported Munc18c/Syn-4 complex's role in insulin SG exocytosis Xie et al., 2015) . We showed Munc18b depletion in rat islets (Lam et al., 2013) disabled the formation of a distinct SNARE complex formation formed by Syn-3 (Zhu et al., 2013) and VAMP8 (Zhu et al., 2012) . Munc18b depletion resulted in 50% reduction in primary exocytosis and complete abrogation of the small number sequential SG-SG fusion (Lam et al., 2013) . In contrast, gain-of-function expression of Munc18b promoted SNARE complex assembly, which potentiated GSIS in normal rat islets attributed to increased primary exocytosis and to lesser degree enhanced sequential SG-SG fusion, including rarely observed very long-chain (6-8 SGs) fusion (normally only 2-3 SG-SG fusion) (Lam et al., 2013) . This raises the possibility that Munc18b-mediated enhancement of exocytosis could be deployed to increase secretory efficiency in T2D.
Animal models of T2D manifest insulin resistance of peripheral tissues (liver, fat, muscle) and insulin secretory defects (Ostenson, 2001) . The Stockholm colony of non-obese GK rats, manifest glucose intolerance early in life attributed mainly to β-cell secretory defects, and later (after 3 months) also to progressive reduction of islet mass due to scarring of islets (Ostenson, 2001; Ostenson and Efendic, 2007) . GK rats have little insulin resistance that asserts confounding influences on the defective β-cell, and hence represent a cleaner model to examine the β-cell defects per se and for testing rescue strategies to restore insulin secretory capacity. The pathogenesis of β-cell secretory defects in GK rats are of polygenic inheritance remarkably well mimicked in human T2D with similar gene expression (Ostenson et al., 2006; Ostenson and Efendic, 2007) and along with susceptibility to further dysfunction by gluco-lipotoxicity which was partially reversible by induced normoglycemic control (Gaisano et al., 2002; . Whereas there are many cellular defects (i.e. metabolic, cell signaling) in GK rat β-cells contributing to secretory deficiency (Ostenson, 2001) , the most prominent is the exocytotic defects per se, largely due to the reduced expression of predocked SG SNARE complex (Syn-1A, SNAP-25, VAMP2) and accessory proteins (Munc18a, Munc13-1), which is remarkably well mimicked in islets of T2D patients (Ostenson et al., 2006 Ostenson and Efendic, 2007; Gaisano et al., 2002) . Thus, GK rats are an excellent model of T2D to assess islet secretory deficiency per se and the consequence of rescue by restoration of the deficient exocytotic proteins.
In the current work, we employed a survival surgical technique of infusing virus into the pancreas of GK rats (Banks et al., 2014) , ensuring high dosage pancreas-specific expression of components of SM/SNARE complexes (in this study, Munc18b we show to predominantly mediate newcomer SG fusion). We demonstrate that in vivo rescue expression of this deficient SM protein into pancreatic islets of T2D GK rats, which would increase SM/SNARE complex formation, could restore insulin secretory capacity sufficient to improve glycemic control; thus representing a potential treatment for T2D.
Materials and Methods

Animals, Pancreatic Islet Isolation and β-cell Culture
Male Goto-Kakizaki rats (original colony obtained from Karolinska Institute, Stockholm, Sweden) were housed in an environmentally controlled room with a 12:12-hour light/dark cycle and allowed ad libitum access to standard rat chow and water. Age-matched male Wistar rats served as controls. Animals were cared for and housed in accordance with Canadian Council on Animal Care Standards and the Animals for Research Act of Ontario. All procedures were approved by the University of Toronto Faculties of Medicine and Pharmacy Animal Care Committee.
Pancreatic islets of Langerhans and individuals islet cells were isolated and cultured as previously described (Kwan and Gaisano, 2005) with minor modifications. Islets and β-cells were cultured in RPMI1640 medium with 10% FBS.
Human Islet
Normal (6 males/8 females; Age: 58.57 ± 4.03 years; BMI: 25.33 ± 0.95 kg/m 2 ; HbA1c: 5.64 ± 0.08%) and T2D human (1 male/6 females; Age: 60.71 ± 4.29 years; BMI: 28.27 ± 2.05 kg/m 2 ; HbA1c: 7.32 ± 0.73%) islets were from IsletCore, University of Alberta, Edmonton, Canada (Table S1 ). Islets were infected with these viruses: Ad-Munc18b/ eGFP, Ad-eGFP, Lenti-Munc18b/mCherry, Lenti-mCherry, LentiMunc18b shRNA/CFP or Lenti-CFP; then cultured in 5 mM glucose medium for 48-72 h. Whole islets or dispersed β-cells were assessed. All procedures involving human tissues were approved by Institutional Review Board of the University of Toronto.
Generation of Adenoviral and Lentiviral Vectors
Munc18b tagged with eGFP in a separate transcription cassette previously reported (Lam et al., 2013; Kauppi et al., 2002) was subcloned into shuttle vector. The resulting plasmid was co-transformed with adenoviral backbone vector pAdEasy-1 into E. coli BJ5183 cells to generate recombinant Ad-Munc18b/eGFP virus.
For construction of lentiviruses, Munc18b shRNA-CFP plasmid was created by modifying the parental pLKO-Munc18b shRNA-puro plasmid that we previously described (Han et al., 2009 ) through replacement of puromycin-resistance gene with CFP. Different core vectors were cotransfected with psPAX2 and pCMV-G into HEK-293FT cells to generate corresponding recombinant lentiviruses: Lenti-Munc18b shRNA/CFP and Lenti-CFP (control); Lenti-Munc18b/mCherry and Lenti-mCherry (control).
Islet Perifusion and Insulin Secretion Assays
Batches of 50 rat/human islets loaded into perifusion chambers were stimulated with 16.7 mM glucose as previously reported (Zhu et al., 2012) , with secreted insulin measured by RIA (EMD Millipore). Insulin secreted was always normalized to total islet insulin content to negate the bias of islet size and β-cell number.
Confocal Immunofluorescence Microscopy
This was performed as previously described (Zhu et al., 2012) . Islets were washed with PBS, fixed in 4% paraformaldehyde in PBS for 45 min, and permeabilized in 0.2% Triton X-100 buffer for 60 min at 37°C. Islets were labeled with primary antibodies and corresponding secondary antibodies, or directly checked for transduced fluorescent protein signals. Islets mounted on glass coverslips were examined using a Olympus IX81 inverted microscope coupled to a Yokogawa CSU X1 spinning disk confocal scan head (Olympus Co., Tokyo, Japan) and Hamamatsu EM-CCD (Bridgewater, NJ). Data acquisition and analysis were performed using Volocity software (PerkinElmer, Waltham, MA).
Western Blotting
72 h after infection, human and rat islets were collected, whole cell lysate proteins separated on 12/15% SDS-PAGE, proteins then transferred to nitrocellulose membrane and identified with the following antibodies: Munc18a (1:1000; BD Transduction Laboratories, San Jose, CA), Munc18b (1:800; V. Olkkonen, Minerva Foundation Institute, Helsinki, Finland) (Riento et al., 1996; Lam et al., 2013) (Goettingen, Germany) include Syn-2 (1:1200), Syn-3 (1:800), Syn-4 (1:1500), SNAP-23 (1:1000) and anti-tubulin (1:1000). Noncommercial antibodies for VAMP2, VAMP8 and Munc18b were validated in our previous papers (Zhu et al., 2012) . Blots were quantified by densitometry scanning followed by analysis with Scion Image (release BETA 4.0.2, Scion Corp.).
Pancreatic Ductal Injection
A surgical technique (Banks et al., 2014) was employed to infuse AdMunc18b/eGFP (400 μL saline (with methylene blue) containing 9.4 × 10 12 pfu of virus infused at a rate of 50 μL/min) into the entire pancreas, thus ensuring high dosage pancreas-specific expression of the viral construct. This was achieved by retrograde infusion into the common biliopancreatic duct during temporary occlusion of the common bile duct. For acute study, pancreas was resected 2 h post-infusion without recovery, islets then isolated and cultured for 2 days to monitor expression of the translated Munc18b proteins. For the chronic survival study, rats were recovered with an appropriate analgesic plan, with abdominal closure in 2 layers; absorbable sutures into the muscle layer and stapling of the skin. The rats were nursed back to full recovery prior to subsequent IPGTT and ITT studies, done at the earliest at 1 week postoperatively.
Intraperitoneal Glucose Tolerance Test (IPGTT) and Insulin Tolerance Test (ITT)
IPGTTs (2 g glucose/kg b.w.) were performed at 1, 2, 4, 8 and 16 weeks post-operatively following an 18 h fast, with both blood glucose and insulin levels determined by RIA kit (EMD Millipore). ITT was conducted with intraperitoneal injection of human biosynthetic insulin (0.5 units/kg b.w., Eli Lilly Canada) after a 6 h fast; a drop of blood obtained from tail vein at indicated times was obtained for glucose determination.
Electrophysiology
Patch electrodes were pulled from 1.5 mm thin-walled borosilicate glass, coated close to the tip with orthodontic wax, and polished to a tip resistance of 2-3 MΩ when filled with intracellular solution. For measurement of Cm, intracellular solution contains (in mM): 125 Cesium glutamate, 10 CsCl, 10 NaCl, 1 MgCl 2 , 5 HEPES, 0.05 EGTA, 3 MgATP, and 0.1 cAMP (pH 7.2). The extracellular solution contains (in mM): 118 NaCl, 5.6 KCl, 1.2 MgCl 2 , 10 CaCl 2 , 20 tetraethylammonium chloride, 5 HEPES, and 5 D-glucose (pH 7.4). Cm was estimated by the LindauNeher technique, implementing the "Sine-DC" feature of the Lock-in module (40 mV peak-to-peak and a frequency of 1 kHz) in whole-cell configuration. Large round cells were chosen as β-cells. Recordings were conducted using an EPC10 patch clamp amplifier and using Pulse and X-chart software programs (HEKA Electronik). Exocytic events were elicited by a train of ten 500-ms depolarization pulses from −70 mV to 0 mV. All recordings were performed at 30°С.
Total Internal Reflection Fluorescence (TIRF) Microscopy Imaging of Insulin Exocytosis
This was performed with a Nikon TIRF microscope system (Tokyo, Japan) as previously reported (Zhu et al., 2012 (Zhu et al., , 2013 . A monolayer of β-cells under indicated conditions were infected with adenovirus neuropeptide Y (NPY)-eGFP and cultured for 24 h before performing TIRF recording. Large round cells were chosen as β-cells which were confirmed by their response to high glucose stimulation. Fusion events, indicated by abrupt brightening of NPY-eGFP fluorescence, were manually selected, analyzed and categorized into 'predocked' (docked on PM at basal, then fuses after stimulation) and 'newcomer' SGs (not predocked on PM at basal), the latter divided into 'short dock' (short residence time of N 200 ms at the PM) or 'no dock' (b200 ms at the PM, which is the interval of one frame) (Zhu et al., 2012 (Zhu et al., , 2013 .
Islet Histological Analysis of GK Rat Pancreas
Pancreatic tissue from GK rats was cut to 7 μm-thick sections at the head, middle and tail of pancreas and stained for insulin (Dako) as dicrible previously (Zhu et al., 2012) . Insulin-immunostained sections were scanned using a Zeiss Axioscan Slide Scaner and analyzed with Zeiss Zen lite software (Carl Zeiss).
Statistical Analysis
All data are presented as mean ± SEM. Statistical significance was assessed by repeated measure ANOVA, independent-samples t-test or Mann-Whitney U test using SPSS (IBM). Significant difference is indicated by asterisks (*p b 0.05, **p b 0.01, ***p b 0.001).
Results
Munc18b is Abundant in Human β-cells
In human islets, Munc18b is present not only in β-cells (Fig. 1a , top images), but also in glucagon-positive α-cells (Fig. 1a , middle images) and somatostatin-positive δ-cells (Fig. 1a, bottom images) . Within dispersed human β-cell, Munc18b is abundant not only on insulin SGs (Lam et al., 2013) observed in different sections of the β-cell (Fig. 1bi) , consistent with our previous report in rat β-cells (Lam et al., 2013) . However, we also noted very substantial amounts of Munc18b in the cytoplasm outside the SGs (green in 'merge' images, Fig. 1bi and 3D view) and only small amounts on the PM (colocalized with actin in Fig. 1bii ). Western blots of human islets (Fig. 1c, d ) confirmed the abundance of Munc18b and its cognate SNARE complex proteins (Syn-3, VAMP8, VAMP2) (Lam et al., 2013; Zhu et al., 2012 Zhu et al., , 2013 , as well other SM/ SNARE complexes (Oh et al., 2012; Zhu et al., 2015; Xie et al., 2015) known to mediate insulin secretion.
Munc18b Depletion Decreases Biphasic GSIS in Human Islets
We first assessed the endogenous function of Munc18b in human β-cells by depleting Munc18b levels in normal human islets employing Lenti-shRNA knockdown. Western blots of infected islets (Fig. 2a , Lenti-Munc18b shRNA/CFP vs Lenti-CFP control) showed a reduction of Munc18b levels by 67%, whereas levels of syntaxins, VAMPs, SNAP25 and Munc18a proteins were not altered by Munc18b deletion. This would indicate the secretory effects observed in subsequent studies are attributed solely to Munc18b depletion per se or its actions on SNARE complex assembly. Fig. 2b confirmed the high transfection efficiency wherein 89% of cells infected with the viruses were CFP-positive (of 1311 cells detected by phase contrast, 1166 cells expressed CFP). Insulin staining revealed that 93% of β-cells were infected with the viruses (of 875 insulin-positive β-cells, 813 cells expressed CFP). While most Munc18b shRNA/CFP-tagged cells were completely depleted of Munc18b, a few Munc18b shRNA/CFP-tagged cells still contained small residual Munc18b (Fig. 2b bottom showed reduced Munc18b/ GFP fluorescence intensity compared with CFP-infected control cells in Fig. 2b top) . Fig. 2c shows that Munc18b depletion reduced first-phase GSIS by 46% (Munc18b shRNA: 13.13 ± 1.46; CFP control: 24.19 ± 3.15) and second-phase GSIS by 47% (Munc18b shRNA: 12.43 ± 1.91; CFP control: 23.36 ± 4.07). This reduction in GSIS is not due to any effects on insulin biosynthesis (Fig. 2c right) . In contrast to the islet secretion study, single cell analysis of CFP-tagged β-cells would assess only Munc18b-depleted cells. We therefore performed patch clamp capacitance measurements (Cm) of CFP-fluorescent cells (Fig. 2d) to estimate the size of the readily releasable pool (RRP, first two depolarization pulses, ΔCm 1st-2nd ) and rate of refilling of RRP from the reserve pool (3rd to 10th depolarization pulses, ΔCm 3rd-10th ). This notion was previously purported (now considered inappropriate) to correspond to firstand second-phase GSIS, respectively (Rorsman and Renstrom, 2003) . Cm increases in Munc18b-depleted β-cells was greatly inhibited at every depolarizing pulse, wherein the size of the RRP was reduced by 72% (Munc18b shRNA: 4 ± 1.1 fF/pF; CFP control: 14.2 ± 2.7 fF/pF) and rate of SG refilling/mobilization reduced by 75% (Munc18b shRNA: 4.7 ± 1.7 fF/pF; CFP control: 18.9 ± 5.7 fF/pF).
Munc18b Overexpression Not Only Increases Biphasic GSIS in Normal Human Islets and but Can Rescue the Deficient GSIS in Islets of T2D Patients
We performed to converse study of overexpressing Munc18b in human islets employing Ad-Munc18b/eGFP, which increased human islet Munc18b levels to a moderate 2.6 fold of normal islet levels. Munc18b overexpression did not affect the levels of other Munc18 or SNARE proteins (Fig. 1c) , but resulted in an increase in biphasic GSIS (16.7 mM glucose, Fig. 3a ) with first-phase GSIS increased by 39% (AdMunc18b/eGFP: 45.06 ± 4.13; Ad-eGFP: 32.50 ± 1.43) and secondphase increased by 54% (Ad-Munc18b/eGFP: 50.89 ± 1.97; Ad-eGFP: 33.03 ± 4.02).
Human T2D diabetes islets exhibit reduced levels of cognate Munc18a, Syn-1A, VAMP2 and SNAP25 (Ostenson et al., 2006) which we here reassessed (Fig. 1d) . Munc18b levels were similarly reduced as Munc18a (51% of normal) to 56% of normal levels. Cognate Syn-3 and VAMP8 levels in T2D human islets were however normal (Fig.  1d ). This suggests that additional Munc18b could potentially activate sufficient amounts of these normal levels of cognate SNARE proteins to assemble into complexes to promote insulin secretion. Fig. 3b shows the effects of Ad-Munc18b/eGFP rescue of deficient human T2D islet Munc18b levels in restoring the deficient GSIS. We first compared the GSIS of normal and T2D human islets (Fig. 3b) , whereby human T2D islets exhibited a 54% reduction in first-phase GSIS (normal: 32.50 ± 1.43; T2D: 15.04 ± 1.18) and 50% reduction in second-phase GSIS (normal: 33.03 ± 4.02; T2D: 16.66 ± 1.12). Ad-Munc18b/eGFP infection of T2D human islets effected a moderate rescue of this deficient GSIS by increasing first-phase GSIS by 37% (Ad-Munc18b/eGFP: 20.61 ± 1.03; Ad-eGFP control: 15.04 ± 1.18) and second-phase GSIS by 29% (Ad-Munc18b/eGFP: 21.53 ± 1.09; Ad-eGFP: 16.66 ± 1.12). We were constrained by the small number of available T2D human islets per shipment; therefore did not have enough T2D human islets to perform Westerns to determine how much Munc18b levels were increased by the adenovirus. This can be estimated from~2.6 fold of Munc18b levels in normal islets infected with Ad-Munc18b/eGFP (Fig.  1c) plus the 56% Munc18b levels in T2D human islets (Fig. 1d) , which would add up to~150% of Munc18b levels in the Ad-Munc18b/eGFP-infected human T2D islets.
We next examined the insulin SG populations affected by LentiMunc18b/mCherry overexpression that would account for this increase in first-and second-phase GSIS. mCherry fluorescence identifies Munc18b-overexpressing cells (Lenti-mCherry used as control). Munc18b overexpression in human T2D β-cells increased capacitance at every depolarizing pulse compared with the rather depressed exocytotic responses in control T2D β-cells (Fig. 3c) . Munc18b overexpression increased RRP size by 379% (Munc18b/mCherry: 17.5 ± 7.8 fF/pF; mCherry: 3.65 ± 0.66 fF/pF) and rate of refilling increased by 196% (Munc18b/mCherry: 30.5 ± 11.2 fF/pF; mCherry: 10.3 ± 1.5 fF/pF). The apparent discrepancy between the large Cm increases and the more moderate increases in first-and second-phase GSIS by islet perifusion assay is largely attributed to the many large T2D islets which reduced the ability of the virus to reach the islet cores compared to the higher infection efficiency of normal human islets. In contrast, the Munc18b levels in each Munc18b/mCherry-tagged β-cell assessed by Cm assay were higher than the whole islet protein levels. Whereas electrical depolarization protocols are supraphysiologic compared to glucose stimulation, and are independently useful in deciphering different secretory kinetics, these assays should not be extrapolated to each other as they have very different time courses. Nonetheless, the large Cm increases from the infected β-cells would suggest a near-complete rescue of the deficient biphasic GSIS from the human T2D islets.
Munc18b Restores Exocytosis of Predocked and Newcomer SGs in T2D Human β-cells
We next examined which population of insulin SGs were specifically influenced by Munc18b by time-lapse total internal reflection fluorescence microscopy (TIRFM) of insulin SGs tagged with neuropeptide Y (NPY)-eGFP (Ad-NPY-eGFP). On TIRFM, SG populations could be segregated into those docked at PM for some time before stimulated to undergo fusion (predocked SGs) and newcomer SGs that undergo minimal (few seconds to few minutes, short dock SGs) to no docking time (no dock SGs) at PM before fusion (Gaisano, 2014) . The population of no dock newcomer SGs is much larger than the short dock SGs (Gaisano, 2014) , which we have combined in our calculations below. While considerable insights have been reported on mediators involved in newcomer SG fusion using TIRFM (Gaisano, 2014) , elucidation of the full molecular mechanism of newcomer SGs by TIRFM is insufficient since TIRFM cannot see the behaviour of these SGs before they dock onto the PM.
At rest, the density of predocked SGs on the PM was reduced in the T2D human β-cells (T2D: 8.35 ± 0.40; normal: 12.20 ± 0.82, Fig. 4a ), which in part explains a 70% reduction in fusion of predocked SGs compared to normal human β-cells (T2D: 1.70 ± 0.52; normal: 5.61 ± 0.80, Fig. 4bi , ii, analysis in iv). Munc18b overexpression by Lenti-Munc18b/ mCherry expression increased the density of predocked SGs (T2D + Munc18b: 10.00 ± 0.63; T2D: 8.35 ± 0.40, Fig. 4a ), which would increase the availability of predocked SGs to undergo fusion. Indeed, in the first 5 min of stimulation (designated as first-phase), Munc18b overexpression rescued the number of predocked SG fusion (T2D + Munc18b: 4.43 ± 0.93; T2D: 1.70 ± 0.52) to similar levels as normal human β-cells (see summary graph in Fig. 4biv ). The effect of Munc18b on predocked SGs was somewhat surprising as we had presupposed that predocked SG fusion to be mediated by Munc18a acting on Syn-1A and VAMP2 (Sudhof and Rothman, 2009; Oh et al., 2012) , which are depleted in T2D β-cells (Fig. 1d) .
During the first 5 min of stimulation (first-phase), we saw a 73% reduction in newcomer SGs (T2D: 2.69 ± 0.89; normal: 9.86 ± 1.38), and after 5 min stimulation (5-13 min, designated as second-phase), T2D β-cells showed a 40% reduction in newcomer SGs (T2D: 6.93 ± 0.97; normal: 11.48 ± 2.33). Remarkably, Lenti-Munc18b/mCherry expression into T2D human β-cells (Fig. 4biii, iv) rescued newcomer SGs in first- phase by 82% (T2D + Munc18b: 4.90 ± 0.87; T2D: 2.69 ± 0.89) approaching 50% of normal (9.86); and in second-phase by 140% (T2D + Munc18b: 16.64 ± 2.81; T2D: 6.93 ± 0.97), which exceeded normal secretion (by 45%, normal being 11.48).
We then overexpressed Munc18b-mCherry in normal human β-cells (Fig. 4c, d ). At rest, there was no difference in the density of predocked SGs after Munc18b overexpression (normal: 12.20 ± 0.82; normal + Munc18b: 12.30 ± 1.43, Fig. 4c) . During glucose stimulation, we saw similar increases as in the T2D human β-cells in newcomer SGs in first-phase (normal + Munc18b: 17.26 ± 2.79; normal: 8.16 ± 2.16), but no increase in second-phase as was seen in T2D human β-cells. More importantly and in contrast to human T2D β-cells, there was no increase in predocked SG fusion (Fig. 4d , normal + Munc18b: 5.70 ± 1.54; normal: 3.61 ± 1.07). To be certain that predocked SGs in normal β-cells were insensitive to Munc18b overexpression, 40 mM KCl depolarization, known to more preferentially evoke release of predocked SGs, was not different between Munc18b/mCherry-expressing and control β-cells.
We interpret these findings as follows. First, Munc18b is the putative SM protein that mediates exocytosis of newcomer SGs, by preferentially activating Syn-3/VAMP8/SNAP25 SNARE complexes (Lam et al., 2013) . Second, Munc18b also binds Syn-1A (Lam et al., 2013) , albeit Syn-1A levels were limiting in T2D β-cells, thus could replace Munc18a's actions in increasing the number of predocked SGs on the PM when Munc18a is deficient in T2D β-cells. Munc18b overexpression could therefore compensate for Munc18a deficiency in T2D β-cells, supporting the thinking of functional redundancy between Munc18b and Munc18a (Han et al., 2009 ). Third, when Munc18a levels are abundant in normal β-cells, this redundant action of Munc18b would not be or less asserted and thus less able to activate additional Syn-1A SNARE complexes to increase fusion of predocked SGs. This would also explain why predocked SG density on the PM in normal β-cells did not increase by the Munc18b overexpression.
Munc18b Restores the Deficient GSIS in GK Rat Islets to Normal Levels
The above human β-cell studies raise the potential that Munc18b could be deployed to treat T2D. We assessed this therapeutic potential of Munc18b in rescuing T2D in vivo by employing the GK rat model, wherein the abnormal glucose homeostasis is attributed almost entirely to a deficient GSIS from islets with little to no contribution from insulin resistance of peripheral tissues (Ostenson, 2001) . We first examined the effects of the Munc18b rescue of GK rat islets in vitro. We previously reported that GK rat islets exhibit a similar reduction in levels of Munc18a, Syn-1A, VAMP2 and SNAP25 (Ostenson and Efendic, 2007; Gaisano et al., 2002) as in T2D human islets. Like human T2D islets (Fig. 1d) , GK rat islets compared to Wistar rat islets (Fig. 5a) showed a similar reduction in Munc18b levels to 34% of normal levels. GK islet Syn-3 levels remained normal consistent with the T2D human islet result, whereas VAMP8 levels were reduced to 43% of normal compared normal VAMP8 levels in human T2D islets. GK rat β-cell is therefore an excellent model that mimics human T2D β-cell's exocytotic defects. Ad-Munc18b/ eGFP (vs eGFP control) expression in GK rat islets raised Munc18b levels to five-fold of the original GK islet levels ( Fig. 5b blots and bottom  graph) , when compared to Fig. 5a (GK rat islet Munc18b levels is 34% of normal Wistar rat islets). This led us to estimate that Ad-Munc18b infection raised GK rat islet levels to 170% (5 × 34%) of normal Wistar rat islet levels. This completely restored first-(first 15 min) and secondphase (15 min to 50 min) GSIS (Fig. 5c ) to similar secretory responses of normal Wistar islets in first-phase (GK Munc18b: 6.02 ± 1.47; GK Control: 2.79 ± 0.39; Wistar: 4.14 ± 0.39) and second-phase GSIS (GK Munc18b: 12.17 ± 1.67; GK Control: 5.06 ± 0.23; Wistar: 11.94 ± 1.04). Munc18b overexpression did not affect the levels of any SNARE or other Munc18 proteins (Fig. 5b) , suggesting that overexpressed Munc18b has to work with these more limiting amounts of SNARE proteins in GK islets.
We next examined what SG populations are deficient in GK rat β-cells and which could be rescued by Munc18b (Fig. 5d) . In GK rat β-cells, the density of predocked SGs at resting condition was similar in trend as human T2D beta cells (GK Munc18b: 8.65 ± 0.88, GK Control: 6.68 ± 0.87, Wistar: 7.45 ± 1.04, Fig. 5di ), but their differences were not significant. Nonetheless, similar to human T2D β-cells (Fig. 4b) , GK rat β-cells showed major reductions in fusions of predocked SGs (GK: 1.87 ± 0.61; Wistar: 3.86 ± 0.20, Fig. 5dii , iii, v) and newcomer SGs in both first-phase (GK: 9.97 ± 1.85, Wistar: 20.09 ± 4.16) and secondphase (GK: 8.08 ± 1.64; Wistar: 16.25 ± 4.71). Also like human T2D β-cells (Fig. 4b) , in first-phase, Munc18b overexpression (Fig. 5b, 170% of normal Wistar rat islet levels) in GK rat β-cells fully recovered the deficient newcomer SGs (GK + Munc18b: 20.96 ± 4.14; GK: 9.97 ± 1.85, Wistar: 20.09 ± 4.16) and remarkably, also greatly increased fusions of predocked SGs (GK + Munc18b: 5.96 ± 1.35; GK: 1.87 ± 0.61; Wistar: 3.86 ± 0.20). Moreover, Munc18b overexpression also fully recovered the deficient newcomer SGs (GK + Munc18b: 15.24 ± 2.85; GK: 8.08 ± 1.64; Wistar: 16.25 ± 4.71) in second-phase.
The explanations for the rescue of newcomer SGs by Munc18b overexpression in GK rat β-cells are as discussed for the T2D human β-cells. However, the increased fusion of predocked SGs in GK rat β-cells may not be attributed entirely to the (insignificant) reduction in the density of predocked SGs on the PM, but also contributed to the fusion defects per se of predocked SGs in T2D β-cells. Taking together the GK rat and human T2D β-cell results, it would seem that Munc18b overexpression-mediated rescue of T2D β-cell includes both an increase in the recruitment of additional predocked SGs to the PM and also a restoration of its fusion-readiness after they are docked onto the PM.
Munc18b-Enhanced GSIS Alleviates the Abnormal Glucose Homeostasis in GK Rats
The above studies showing Munc18b enhancement of GSIS suggests that Munc18b transduced in vivo into GK rat pancreatic islets would be expected to improve glucose homeostasis. We recently reported (Banks et al., 2014 ) that infusing a virus directly into the common biliopancreatic duct, with distal occlusion to the liver, could efficiently transduce the virus protein expression into pancreas, particularly islets. For validation, we confirm the efficiency of islet infection using this strategy by infusing Ad-Munc18b/eGFP into the pancreas of Wistar rats, then resected the pancreas 2 h after and isolated the islets, which were cultured for 1 and 2 days to monitor Munc18b/eGFP expression (Fig. S1a) . Almost the entire islet (and almost all islets examined) was green at Day 2, including islet core where β-cells are concentrated. Maximal Munc18b/eGFP expression in the islets is shown by 3D reconstruction of these serial images at Day 2, with expected lower expression in Day 1. This indicates that most islets in the intact pancreas should be fully expressing Munc18b/eGFP by 1 week when we start to perform in vivo glucose homeostasis assays. For further validation, we performed survival operations on 3-4 month old Wistar rats (Fig. S1c) before proceeding to GK rats (Fig. 6 ) which underwent pancreatic ductal infusion with Ad-Munc18b/eGFP vs Ad-eGFP as control. We monitored both groups of rats by IPGTT up to 4 months post-op. In several Wistar rats, we isolated islets at 2 and 4 weeks post-op to monitor Munc18b/eGFP expression, which remained maximal at 2 weeks post-op ( top) similar to the in vitro islet culture at Day 2 (Fig. S1a) . However, at 4 weeks post-op, Munc18b/eGFP expression remained strong albeit considerably less than at 2 weeks post-op; thus we expected further decline in Munc18b/eGFP expression after 4 weeks. In Ad-Munc18b/eGFPinfused Wistar rats (Fig. S1c) , IPGTTs showed mildly lower glycemic responses at 1 week post-op (Munc18b/eGFP: 1129 ± 14.25; Control:
1498.06 ± 56.27), but this improved glycemic response was not sustained at 2 and 4 weeks post-op, likely because of adaptive responses of peripheral tissues to the increased insulin levels. Nonetheless, at 1 week post-op, we saw large increases in blood insulin levels encompassing first-and second-phase GSIS, where AUC analysis of biphasic GSIS showed a 48% increase (Munc18b/eGFP: 279.18 ± 19.47; Control: 189.51 ± 2.16 ). This increase in GSIS in vivo was less pronounced at 2 and 4 weeks post-op and observed only at latter time points (i.e. 30 min) consistent with the reduced Munc18b/eGFP expression at 4 weeks (Fig. S1b bottom) .
GK rats (Stockholm colony) at 3-4 months predictably developed hyperglycemia (Ostenson, 2001) (Fig. 6a , GK: 3183.35 ± 177.36; Wistar: 1498.06 ± 56.27) with greatly reduced insulin release (AUC analysis of biphasic GSIS, GK: 159 ± 25.67; Wistar: 190 ± 2.16), particularly at early time points of first-phase GSIS (0-30 min) typical of T2D. Insulin tolerance tests showed similar results between GK and Wistar rats (Fig. 6b) , confirming that hyperglycemia in GK rats was attributed mainly to β-cell insulin secretory deficiency with little contribution from peripheral tissue insulin resistance (Ostenson, 2001) . After AdMunc18b/eGFP pancreatic infusion, IPGTTs performed on these GK rats showed greatly improved glycemic responses at 1 and 2 weeks post-op along with large increases in blood insulin levels, particularly at the latter time points (30-120 min in Fig. 6c, d ) encompassing second-phase GSIS. While the enhanced insulin secretion in AdMunc18b/eGFP-treated GK rats was still observed, albeit less at 4 weeks postop (Fig. 6e) , the glycemic responses were similar to Control (Ad-eGFP-treated) GK rats. At 16 weeks post-op (Fig. 6f) , glycemic and insulin responses were similar between the two groups since much of the Ad-Munc18b/eGFP expression would not have persisted that long (Fig. S1b bottom) . Lastly, Ad-Munc18b/eGFP overexpression (compared to Ad-eGFP) did not affect islet β-cell mass or total pancreatic insulin content in GK rats at 2 weeks and 17 weeks post-op (Fig. S2) , indicating that changes in in vivo insulin secretory capacity were attributed to Munc18b actions on single β-cell secretory output.
Discussion
Although much is known about β-cell SNARE proteins and how they contribute to islet secretory deficiency in T2D, this is the first work to demonstrate that these insights could be translated into potential therapies for T2D. Of the many SM/SNARE proteins that showed reduced levels in T2D islets, we chose to rescue the reduced levels of Munc18b. A major reason is that non-stoichiometric increases in a SNARE protein (i.e. Syn-1A) would actually reduce insulin secretion (Lam et al., 2005) perhaps by inducing excess formation of incomplete non-fusogenic SNARE complexes. In contrast, slight excess in overexpression of a SM protein (~2.6X of normal levels in this study) would activate native levels of cognate SNARE proteins to form additional fusion-competent SM/SNARE complexes. We proposed Munc18b to be a preferred target since levels of its cognate SNARE proteins are either mildly (VAMP8) or not reduced (Syn-3) in T2D islets, whereas levels of SNARE proteins preferentially activated by Munc18a are generally more reduced (Syn-1A, VAMP2, SNAP25). Consistently, we had reported that Munc18b depletion in rat islets disabled Syn-3/VAMP8/SNAP25 SNARE complex assembly resulting in reduced biphasic GSIS (Lam et al., 2013) . The additional Munc18b/SNARE complexes induced to form by Munc18b overexpression would be sensitive to current therapies acting on cAMP (i.e. glucagon-like peptide-1 drugs) (Lam et al., 2013) and calcium (Mandic et al., 2011 ) (i.e. sulfonylureas) signaling pathways. We had reported that Munc18b and Munc18a exhibited functional redundancy in their actions on Syn-1A, -2 and -3 (Han et al., 2009 ) and this will likely be able activate each other's preferred SNARE complexes. This suggests the interesting possibility that Munc18a overexpression might likewise mount a similar rescue as Munc18b.
By showing that pancreatic ductal perfusion of Ad-Munc18b attained a sustained improvement of glucose homeostasis in T2D GK rats, our study raises the possibility of employing this strategy in human subjects by endoscopy as a potential treatment for T2D patients. Adenovirus, whose effects lasted b 4 months, is of course not the ideal gene transfer strategy; and a longer-acting and safer gene transfer approach as was recently shown with adeno-associated virus (subtype 8) (Gaddy et al., 2012) will be required for humans trials. Ex vivo transduction of Munc18b expression into normal islets could be deployed in islet transplantation protocols, whereby surviving islets post-transplantation would be more efficient secretors, thus metabolic demand would be less exhausting on the limited β-cell mass. Of note, the overall glycemic improvement in our GK rat study did not reach normoglycemia likely because of some reduction in β-cell mass, or more likely the AdMunc18b transduction did not reach all the islets in the pancreas. Our initial attempts to infuse more Ad-Munc18b into the rat pancreatic ducts resulted in pancreatitis and higher mortality. This thinking is in part supported by lower islet perifusion responses in human T2D islets wherein the Ad-Munc18b expression in the larger human T2D human islets did not reach the islet cores.
Munc18b is also found in epithelial cells including mucin-secreting airway cells and blood cells including mast cells and platelets (Al Hawas et al., 2012) . Munc18b deficiency in these cells resulted in secretory defects that can cause corresponding lung, allergy and bleeding disorders. More work is required to assess the structure-function of Munc18b and how such could modulate the ability of Munc18b to form distinct SNARE complexes (Al Hawas et al., 2012; Kauppi et al., 2002; Han et al., 2009 ) that could assert cell context-selective effects on secretion, whether to therapeutically promote secretion (β-cells in T2D, lung mucin production in cystic fibrosis), inhibit secretion (mast cells in anaphylaxis), or both (platelet-acting drugs). Specifically, in β-cells (and neurons), Takahashi et al. (2015) recently showed by two-photon lifetime imaging that the trans-SNARE complex (Syn-1A, SNAP25, VAMP2) is not formed at resting state, but becomes assembled only shortly prior to insulin exocytosis. This approach could be used to assess the states of assembly of Munc18b with and among its cognate SNARE proteins (Syn-3, VAMP8), and how different they may be from Munc18a/SNARE complex assembly in explaining the distinct states of fusion readiness between predocked and newcomer SGs.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ebiom.2017.01.030.
